data to design a targeted sequencing experiment, and Park et al. 6 by using sequence data to calibrate array-based measurements.
The mapping of structural variation in our genomes has in five years traversed an arc that cartography traversed over centuries. What lessons might we draw for the exploration of other new continents, such as rare variants and epigenetics, in the search for the heritable basis of disease? One lesson is that new domains may turn out to be more familiar than they at first appear; many relationships may turn out to have been present in an overlooked form in earlier genomescale data sets. Also, most discoveries may emerge after initial exuberance gives way to sober exploration. Insobriety about the unknown spurred human ancestors to explore new worlds. In science, a similar insobriety can lead us to mistake the nature of the novel, but it leads to the great efforts that ultimately get the work done. This human proclivity may yet be found to be an adaptive trait. The genetic mechanisms accounting for it-common or rare, structural or single nucleotide-are, at this point, anyone's guess.
to involve common CNPs in strong linkage disequilibrium (LD) with the disease-associated SNPs 11, 12 . The SV Consortium study 3 substantially expands this list while concurring with the earlier finding that the phenotypic contributions of common, diallelic CNPs-the kinds of CNV that are well measured by array technology-are largely accounted for in GWAS.
In a contemporaneous study, the Wellcome Trust Case Control Consortium (WTCCC) analyzed 3,432 common CNVs for disease association in the 17,000 individuals previously analyzed in WTCCC GWAS studies. The yearslong project involved a new array platform and algorithmic innovations in copy number measurement and association testing 4 . But having sailed round a scientific world in search of a new continent, the WTCCC team found that they had instead rediscovered a familiar one-the five CNP-disease associations all related to earlier disease associations of SNPs at the same loci.
Given these findings, why do GWAS discoveries to date explain only 2-20% of the heritability of most common phenotypes 13 ? Potential mechanisms could involve rare variants, as well as structural variants that are complex, multiallelic or otherwise hard to measure using array technology. Other explanations may include many common variants of still smaller effect, and interactions among genetic variants and non-genetic factors.
The next maps
For CNV, the next advance in map-making may come with large-scale resequencing studies such as the 1000 Genomes Project. Notably, Conrad et al. 5 and Park et al. 6 eschewed the false choice between arrays and sequencing, pursuing integrative strategies-Conrad et al. 5 by using array were complex combinations of deletion, duplication and inversion of local sequences, consistent with a fork-stalling and template-switching mutational mechanism (known as FoSTES) that produces complex rearrangements 9 . Though FoSTES was described only recently, diverse experimental data already support it 9, 10 .
On page 400-405 of this issue, Park et al. 6 use ultra-high-resolution CGH arrays to map CNV in 30 individuals from Korea, China and Japan. They observe many CNVs for the first time, suggesting that these CNVs have sufficiently low frequency in Europe and West Africa to have gone unsampled in the SV Consortium study. Given the tendency of allele frequency to vary across populations, the authors' map will inform the design of association studies for common CNVs in East Asian populations.
Phenotypic influences
Medieval cartographers annotated unexplored regions on maps with pictures of dragons and serpents, reflecting the human tendency to exoticize the unknown. Similarly, early impressions of CNV were often accompanied by strong predictions about their phenotypic potency. When the variation at many CNV loci was precisely measured and correlated to nearby SNPs, a less exotic picture emerged: most CNVs in the array-accessible regions of the genome were found to be ancient, diallelic polymorphisms, with alternate structural alleles segregating on ancestral SNP haplotypes 7 . The linkage disequilibrium (LD) between SNPs and common CNPs implied that the contribution of most CNPs to human phenotypic variation was already detectable in genome-wide association studies (GWAS) as associations to nearby SNPs 7 . Two GWAS hits were soon shown
Chipping away at the genetics of smoking behavior

Christopher I Amos, Margaret R Spitz & Paul Cinciripini
Three large consortia present comprehensive analyses that identify genetic factors influencing smoking initiation, intensity and cessation. The genetic architecture of these three phases of smoking behavior appears to be largely distinct. factors. Smoking stages are categorized into smoking initiation, current smoking and smoking cessation (Fig. 1) . Genetic influences at each step in this process have been documented in numerous twin and family studies 1 . Patterns of smoking initiation reflect individual differences in sensitivity to nicotine, the availability of tobacco and social norms. For an individual who has become a habitual smoker, both genetic and psychosocial factors play a role in determining the intensity of smoking, known as smoking dependence, and the ability to quit (cease smoking). On pages 436, 441 and 448 of this issue, three collaborating groups 2-4 -the Oxford-GlaxoSmithKline (Ox-GSK) 3 , Tobacco and Genetics Consortium (TAG) 4 and ENGAGE 2 consortia-present results of combined analyses from over 140,000 individuals, bringing new insights into the genetic factors that influence smoking initiation, Nicotine dependence results from an interplay of neurobiological, environmental and geneticdependency and cessation. Although many different measures are available for assessing the degree to which smokers are dependent, the number of cigarettes smoked per day (CPD) is easily measured and features prominently in measures of dependency, and it therefore was used by all three consortia. The large sample sizes of the combined studies enabled the first identification in a genome-wide study of loci influencing smoking initiation and cessation and supported the discovery of new loci influencing smoking dependence.
Genetics by smoking stages
The TAG consortium 4 performed data harmonization of smoking phenotypes from across 17 participating studies and subsequently used a meta-analysis to integrate the results with those of the studies from the other two consortia. The authors present evidence that the region containing the gene encoding brainderived neurotrophic factor (BDNF) is associated with smoking initiation 4 . Identification of variants near BDNF as contributing to smoking initiation coincides with the increasing recognition of the protein as important both in neurobiological processes such as response to social stress 5 and in moderating anxiety 6 . BDNF binds to NTRK2, variants of which were previously associated with smoking initiation and dependence 7 .
High-affinity binding of nicotine to nicotinic acetylcholine receptors (NAChR) results in increases in the levels of several neurotransmitters, including dopamine, in the reward circuits of the brain. NAChRs have an important role in modulating nicotine dependence and smoking behavior. The strongest associations with CPD have been reported for the 15q25 cluster that encompasses the CHRNA3, CHRNA5 and CHRNB4 genes, which encode NAChR receptors. The new studies 2-4 further replicated this association and better defined the association from among these receptors at this locus. Previous efforts at refining association at the CHRNA3-CHRNA5-CHRNA4 locus have been complicated by strong association, or linkage disequilibrium, among the markers in this region in European-descended populations. Liu et al. 3 , representing the Ox-GSK study, report a genome-wide meta-analysis on smoking quantity, defined by categorizing CPD, from over 41,000 individuals, including 18,591 'ever-smokers' (smokers and former smokers). They used imputation based on data from the 1000 Genomes project to refine the association signal at the 15q25 locus associated to CPD. Liu et al. 3 demonstrated the increased resolution made possible by amassing data from a large number of participants and imputing from the 1000 Genomes Project. They resolved association at a previously unreported SNP (rs55853698) affecting mRNA transcription of CHRNA5. By conditioning on this SNP and analyzing additional SNPs in the region, they also identified a second significant SNP in CHRNA3, rs6495308.
Aside from the NAChR cluster on chromosome 15q26, the ENGAGE 2 and TAG 4 consortia identified CPD associations with additional NAChR receptor subunit genes, CHRNB3 and CHRNA6. The Ox-GSK study also found suggestive evidence that CHRNA2 associates with CPD 3 . The nicotinic acetylcholine receptor is formed from different combinations of five subunits. The association of CHRNA6 with smoking behavior was reported previously in a candidate gene study 8 and is consistent with the gene's high expression in dopamine-releasing neurons 9, 10 . Elucidating the complex interactions among the nicotinic receptor subunits and their effects in modulating smoking behaviors presents a ripe area for further research into the neurobiology of smoking dependence. In the TAG consortium data, an additional locus at 10q25 in a region of noncoding RNA of unknown function associated with CPD 4 .
An intriguing association reported from the TAG consortium 4 was between current versus former smoking and variation in the region of DBH, encoding dopamine β-hydroxylase, which catalyzes the conversion of dopamine to norepinephrine. Although DBH is an excellent candidate locus to influence the ability of individuals to quit smoking, further analysis will be required to replicate the association in this region and to identify the causal gene and functional variants influencing smoking cessation. DBH represents a particularly interesting candidate gene because pharmacologic agents that modulate nicotine receptors in the At that point, they may become dependent upon cigarettes, and they are classified as having smoked (ever-smokers) once they have consumed 100 or more cigarettes. The TAG consortium 4 report that variants at the BDNF locus influence smoking initiation. A region on chromosome 15 encompassing the nicotinic receptor subunit genes CHRNA5, CHRNA3 and CHRNB4 was associated with cigarettes consumed per day (CPD), a measure of smoking dependence [2] [3] [4] . The TAG and ENGAGE consortia also identified the CHRNA6-CHRNB3 cluster on chromosome 8p11, as well as loci found near CYP2A6 on 19q13 and in a region containing a noncoding RNA on chromosome 10q23, as associated with CPD 2,4 . For smoking cessation, the TAG consortium identified a region on chromosome 9 near the gene encoding dopamine β-hydroxylase (DBH) 4 . Further studies are needed to define the specific genes and causal variants in these regions. that have large effects on smoking behavior. Finally, the current studies suggest possible pathways influencing smoking behavior that suggest promising areas for pharmacogenetic research.
Stages of smoking behavior
confer slower metabolism. The TAG 4 and ENGAGE 2 studies both identified variation in the CYP2A6 region associating with CPD. The complex genetic architecture of mutations in this gene, which includes large insertions and deletions, may obscure associations in studies using SNP platforms, which cannot directly query associations due to copy number variations.
Future directions
Although results from these three very large consortia have identified several new loci influencing smoking behavior, further studies are needed to replicate these findings and to resolve the candidate genes at each of these loci. Resequencing studies are also required to identify the functional variants at each locus as well to explore the roles of genetic factors in influencing each stage of smoking. In addition, analyses jointly modeling effects among multiple loci will help to characterize those combinations of variations dopaminergic pathway, such as varenicline, can be highly effective in assisting individuals to achieve smoking cessation. Further pharmacogenetic studies to evaluate the effectiveness of smoking cessation treatments, as well as nicotine withdrawal, in relation to SNP variations may help in the tailoring of cessation treatments to individual needs.
Genetics of nicotine metabolism
Smoking provides a highly efficient mechanism for rapidly delivering nicotine to the brain via the lungs with extraordinary speed (within 10 seconds), and the dose can be individually titrated by the smoker. However, the effects of nicotine are strongly influenced by its complex metabolism. Polymorphisms of cytochrome p450 2A6 (encoded by CYP2A6) strongly influence the catabolism of nicotine into inactive metabolites 11 , and individuals with rapid metabolism require higher levels of smoking to maintain the same nicotine level than do individuals whose genotypes
Fanconi anemia and breast cancer susceptibility meet again
Ephrat Levy-Lahad a new study reports biallelic mutations in RAD51C in a Fanconi anemia-like disorder, while a second study reports monoallelic mutations in the same gene associated with increased breast cancer risk. These findings strengthen the link between Fanconi anemia and breast cancer-associated pathways.
Fanconi anemia (FA) is a rare autosomal recessive disease characterized by developmental anomalies, bone marrow failure and a propensity for childhood cancers. Diagnosis is established by the detection of increased chromosomal breakage in the presence of DNA interstrand cross-linking (ICL) reagents. FA is genetically heterogeneous, and studies over the past 18 years have identified 13 genes mutated in the known complementation groups: FANC A-C, D1, D2, E-G, I, J and L-N. These genes are all necessary for ICL resolution, a multistep DNA repair process including nucleotide excision repair (NER), translesion synthesis (TLS) and homologous recombination 1 
